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Rice farmers in Southeast Asia are hesitant to adopt the water-saving technology, Alternate Wetting and 
Drying (AWD), for fear the practice will lead to increased rodent pest activity, consequently exacerbating yield loss. 
We examined the effects of AWD on the population dynamics, habitat use and damage levels inflicted on rice crops 
by the most important rodent pest of rice in Indonesia and the Philippines, Rattus argentiventer, and R. tanezumi, 
respectively.  Rice crop damage levels were not affected by the water management scheme employed. Rodent activity 
in rice fields was not influenced by water level. Both species tended to use the rice paddies over bunds regardless of 
water level, indicating that something other than water affects their habitat use, and we argue it is likely that the 
perceived risk of predation is the primary factor driving habitat use. Activity levels and damage inflicted by rodent 
pests on rice are, therefore, not correlated. AWD had no effect on breeding and population dynamics of these species. 
Breeding of R. argentiventer is tied to the growth stages of rice whilst available resource dictates breeding by R. 
tanezumi. Our findings clearly indicate that rice farmers in both Indonesia and the Philippines have no cause to reject 
AWD based on concerns that AWD would exacerbate crop losses by rodents. Given AWD is being promoted as a 
climate-smart technology for rice production in Asia and Africa, we strongly recommend its adoption without 
concerns that it would aggravate rodent pest impacts in lowland irrigated rice cropping systems.  
 





• The effect of AWD on damage levels inflicted on growing rice crops by Rattus argentiventer and R. tanezumi, 
their population dynamics, and habitat use  were investigated. 
• AWD has no effect on rice damage levels, rodent pest population dynamics and habitat use. 
• Breeding of R. argentiventer is tied to the growth stage of rice whilst for R. tanezumi, it is cued by availability 
of food resources. 
• Habitat use is likely driven by perceived predation risk. 
• Adopting AWD will not lead to higher rodent pest activity. 
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INTRODUCTION 
More than 90% of global rice production is produced and consumed in Asia (GRiSP (Global Rice Science 
Partnership) 2013). Rice is the largest consumer of water in agriculture (Dawe 2005; GRiSP  2013). With the 
increasing demand for rice coupled with the decreasing supply of freshwater amidst the changing climate (Bouman et 
al. 2007), there is an urgent need to produce more food with less inputs and to save on water. Alternate Wetting and 
Drying (AWD), also known as controlled or intermittent irrigation, is a technique developed to increase water 
productivity (amount of food produced per unit of total water input) in lowland irrigated rice, and to save on water for 
other purposes, or for further distribution along the irrigation system (Bouman et al. 2007; Bouman and Tuong 2001). 
Safe AWD entails allowing water in rice fields to dry to 15 cm below the surface, except during flowering, before 
flooding it again (Bouman and Tuong 2001). This practice is implemented by monitoring water levels by using a field 
water tube made from a 30 cm-long plastic or bamboo pipe. Half the tube is perforated with holes so the measurement 
of water in the tube will be more reliable. The tube is then buried halfway in an area of the paddy that is easily 
accessible but is representative of the field level (Bouman et al. 2007).  
The positive effects of AWD on water savings and productivity of rice are: maintaining yields whilst reducing 
water use by more than 20% (Lampayan et al. 2015; Pan et al. 2017); reduction of methane gas emissions by more 
than 35% (Johnson-Beebout et al. 2009; Sander et al. 2015; Siopongco et al. 2013); reduced lodging of rice due to 
better root establishment (Pan et al. 2017); and savings on fuel cost when water is pumped for irrigation (Rejesus et 
al. 2011; Valdivia et al. 2016). The relationships among water users in an area that provide effective implementation 
of AWD have been evaluated in several countries, and for different soil types and under a variety of crop management 
conditions (Bouman et al. 2007; Bouman and Tuong 2001; Lampayan et al. 2015). Despite this, some rice farmers are 




yield loss (R. Flor, R. Lampayan, pers. comm.). Farmers in the Philippines and Vietnam reported problems on rats 
when they used AWD (Quynh and Sander 2015; Richards and Sander 2014). A farmer survey in Bohol, central 
Philippines, revealed that farmers practicing AWD ranked rats as the primary pest of rice (Smedley 2017). Rodents 
also are among the top three pests of rice in the Philippines (Singleton 2003).  
Rodents are arguably most notorious for the threat they pose to food security (John 2014; Meerburg et al. 
2009). Pre-harvest losses in 11 countries in Asia range from 5-17% annually, with Indonesia sustaining the highest 
damage nationally, although some districts in Bangladesh reported >50% loss (Singleton 2003). In Africa, total crop 
losses for maize, rice and wheat were reported to be around 15%, though seedling losses were much higher, at ca. 
50% (Swanepoel et al. 2017). To put this in perspective, a 5% loss could feed 181 million people per year (Singleton 
et al. 2003).  It is, therefore, understandable that farmers will be hesitant to adopt a measure when they think this will 
lead to more rodent damage to their rice. However, it is unknown how rodent pests actually respond to periodic drying 
of the growing rice crop. This study was designed to address this knowledge gap. The most abundant and problematic 
rodent pest species of rice was investigated in each country: the rice field rat (Rattus argentiventer Robinson & Kloss, 
1916) in Indonesia, and the Oriental house rat (Rattus tanezumi Temminck 1844) in the Philippines. R. argentiventer 
is well adapted to rice growing in flooded environments (Leung et al. 1999) so we expect that the level of damage that 
they do to rice crops would not be affected by regular draining of water from a rice crop. We therefore hypothesize 
for both species of rodents that their habitat use and the level of damage they cause to irrigated rice will not be affected 
by AWD practices.  
 
MATERIALS AND METHODS 
Study area 
The first study area was located in the island of Java, within the Special Region of Yogyakarta in Minggir, 
Sleman Regency (7° 43’S, 110° 15’E) (Fig. 1). Farmers were randomly selected from a group who were once part of 
a study on ecologically-based rodent management (EBRM) from 2012-2014. Yogyakarta experiences type Am 
(tropical monsoon) climate (Peel et al. 2007).  
 
Fig. 1. Location of the study area, Minggir in the Special Region of Yogyakarta in the Indonesian island of Java. 
 
In the Philippines, the study area was located in Bula, Camarines Sur, Bicol Region in Southern Luzon (13° 
30’N, 123° 18’E) (Fig. 2). This area was within a larger IRRI project evaluating the adoption and impact of AWD on 
irrigated rice that stratified all the fields within the project into either AWD or control. Farmers were randomly selected 
from each of these stratifications. This IRRI project encompasses the entire Rinconada Integrated Irrigation System 
(RIIS) in Camarines Sur, Bicol Region. The RIIS services 7,031 hectares of rice fields as of 2013. In addition, Bicol 
Region has one of the highest rodent damage rates on rice in the Philippines (Singleton, pers. comm.). The Köppen-





Fig. 2. Location of the study site in Bula, Camarines Sur, Philippines. 
 
For both countries, once farmers were randomly selected, ground-truthing for field area measurement and to 
ensure the similarity in habitat type surrounding the rice environment was conducted. Fields were similar in age of 
crop, size, and sufficiently proximate such that all fields could be visited within two hours, but far apart enough 
from each other that rodent populations in each replicate do not overlap. These criteria are crucial because all traps 
need to be checked with all rats processed and released before midday. Based on previous research on the home 
ranges of rodent species, each replicate had a minimum buffer radius of 170 m for R. tanezumi (Miller 2007) and 
100 m for R. argentiventer (Jacob et al. 2003a) from each other to ensure the independence of rodent populations per 





Each site (country) had three replicates of AWD and non-AWD (control) fields. In control fields, water was 
managed conventionally by farmers, whilst AWD fields were irrigated intermittently. In Indonesia where the farm 
holdings are small (ca. 1,000 m2), adjacent fields were aggregated to form a plot measuring about a hectare. The 
adjacent plot, measuring about the same size, was designated as treatment (AWD). These treatment-control pairs were 
designed as matched pairs to examine the preference of local rodent populations for the two water management 
schemes (Fig. 3).  
 
Fig. 3. Locations of the three paired replicates in Minggir, Yogyakarta, Indonesia in 2016. Fields bound by white are control 
whilst those bound by blue are AWD. 
 
In the Philippines, rodent trapping was located within a turnout service area (TSA) that was stratified 
according to the water management scheme (either as AWD or control) then randomly selected within a stratum. A 
turnout service area is where the water is distributed to various farms from the main irrigation canal. A TSA in RIIS 
typically caters for 10 to 50 hectares of rice fields. Three AWD TSAs and three control TSAs were randomly selected 
for the study (Fig. 4). 
 
Fig. 4. Location of the trapping areas within the TSAs in Bula, Camarines Sur, Philippines for the two seasons of data gathering. 




Based on previous research on the home ranges of these species, each replicate had a minimum buffer radius 
of 170 m for R. tanezumi (Miller, 2007) and 100 m for R. argentiventer (Jacob et al. 2003a) from each other to facilitate 
independence of rodent populations per replicate. The minimum buffer radius for each country was computed from 
the square root of the home range of the respective species. Trapping of rodents was conducted during the following 
stages of the dry season rice crop [per location per site per year]: maximum tillering, panicle initiation/booting, 
flowering, and milky (ripening). Trapping regimes were slightly different for each country due to the size of the study 
sites and because R. argentiventer rarely enters live-capture traps set without a drift fence due to very trap-shyness 
(GR Singleton and Sudarmaji pers. com.). 
In Indonesia, one Linear Trap Barrier System (LTBS) with six multiple-capture traps (MCT) was established 
in each of the AWD and control fields. Each trap was spaced 20 m from the next, alternating on either side of the 
LTBS. Six single-capture traps (SCT) spaced 10 m from each other were also placed in each field. Approximately 200 
m away from the trapping grid, 12 kill-traps (Kness Big Snap-E® traps) were deployed in same-age rice fields to 
assess the breeding status of rodents in the area. Snap traps, spaced 10 m apart, were tied to bamboo sticks with a 
white marking at the end for better visibility in the surrounding vegetation. In the Philippines, each field had 15 MCTs 
and 15 SCTs, but no kill-traps were deployed due to high likelihood of them being pilfered. The MCTs were spaced 
20 m apart while the SCTs were spaced 15 m apart. Traps set to capture R. argentiventer were baited with a 
combination of rice, coconut and corn (Leung et al. 2007). In the Philippines, traps set to capture R. tanezumi were 
baited with fresh coconut and golden apple snail (Stuart et al. 2014). Live-traps were covered with vegetation to 
provide shelter from rain or sun. In both countries, trapping was done for three consecutive nights per location per 
crop stage. At completion of a trapping session, the traps were removed. Traps were set in the afternoon and checked 
early morning the following day for three consecutive nights. Captured rats were ear marked with uniquely numbered 
ear tags, measured (head-body length, foot length, ear length), sexed and weighed. Reproductive data were collected, 
whereupon the animal was released. 
Spool-and-line tracking has been used since the 1920s to study animal movement (Aplin et al. 2003). It 
involves attaching a bobbin-less cocoon of thread to an animal then releasing the animal and following the spool trail. 
Individual paths were considered as the unit of replication as done in previous spool-and-line tracking studies (Cunha 
and Vieira 2002; Loretto and Vieira 2005; Prevedello et al. 2009). Bobbin-less cocoons of nylon thread number 72/10 
(Imperial Threads, Inc., Northbrook, Illinois) were used.  Spools were fitted with heat-shrink tubing to prevent the 
thread from unravelling prematurely and catching on vegetation (Boonstra and Craine 1986). Each spool had an 
approximate length of 300 m, weighing 4.5 g with the heat-shrink tube. Only animals over 80 g were fitted with a 
spool so that the weight of the spool (less than 5% of body weight) would not interfere with the movement of the 
animals (Sikes and Gannon 2011). The spool was attached to the fur between the shoulders using cyanoacrylate glue 
(Boonstra and Craine 1986). The loose end of the thread was knotted around vegetation together with flagging tape 
labelled with the identification of the animal. Each animal was placed in a single capture trap to permit recovery for a 
few minutes prior to release. All spooled rats were released at the point of capture in the same morning. Different 
colored nylon threads were attached to the rats per replicate per day to distinguish between individual trails. The trail 




was followed the next morning to document the habitat traversed by the rat during its regular hours of activity. The 
first five meters was excluded to account for the flight response of the animal, and only paths longer than 15 m were 
included in the analysis (My Phung et al. 2012; Stuart et al. 2007). A modification of Stuart et al. (2007) was used to 
assess habitat use. Save for the first 10 m, microhabitat data was recorded every ten meters along the spool line. 
Microhabitat characteristics (type of cover, water depth) was assessed within a one-meter radius around each ten 
meter-mark. Spool trails and any refuge used by the animal were recorded using a Global Positioning System (GPS) 
receiver. 
Minimum Number Known Alive (MNKA) was used to provide an estimate of rodent abundance (Krebs 
1966). Populations were assumed to be closed since trapping periods were short (3 consecutive nights) (Jacob and 
Matulessy 2004). Females caught in the kill-traps were dissected and assessed for the following reproductive criteria: 
lactation (not visible, visible with hair, visible without hair), vaginal condition (perforate or imperforate), uterine scars 
(present/absent; if present, number), gestation (yes/no; if yes, number of embryos and embryonic stage). Male 
reproduction was assessed based on external observation of the testes: undescended, partially descended and fully 
descended. This follows the protocol from Aplin et al. (2003). Females were considered to be in breeding condition if 
they were determined to be lactating or pregnant by palpation (only from the second trimester onwards) (Aplin et al. 
2003).  
Damage assessments for transplanted rice in Indonesia involved counting the number of damaged (fresh cut 
+ regrowing) and undamaged (uncut) tillers per hill (Aplin et al. 2003), and followed Stuart et al. (2014) with regards 
to the lay-out of transects. In the study site in the Philippines, rice was direct-seeded so a sampling point was defined 
as all the tillers inside a 0.1 m2 quadrat (Stuart et al. 2014). This small quadrat, according to Stuart et al. (2014), has 
approximately the same number of tillers as in a transplanted sampling point. The lay-out of transects followed that 
of the transplanted rice. There were three transects in each field. This lay-out ensures that rodent activity is represented 
in the gradient as one goes further away from a refuge habitat (e.g. an irrigation canal) or a completely different habitat 
(e.g. a road). Tillers of rice are typically cut by rodents at a 45° angle (Aplin et al. 2003), which at the vegetative to 
the reproductive stages will be closer to the base of the rice. However, at ripening stage, cuts usually occur higher up 
the tiller close to the base of the panicles.  
  
Analysis 
Spool-and-line data were derived from tracks recorded by the GPS. Data were imported into QGIS® 3.0.2 to 
measure the portion of each spool that was inside each plot, outside of the study plots, and those that ventured into 
either the treatment or control plots. SPSS 24 (IBM Corp. 2016) was used to generate the graphs and statistically 
analyze all the data, unless otherwise specified. Spearman’s Rank-order Correlation was used to quantify the 
relationship between the number of rats and water levels. Tortuosity, or the convolutedness of a path, was measured 
using Straightness Index (SI) (Batschelet 1981). SI is the ratio of the straight-line distance to the total distance between 
the start and end points of a traverse (Benhamou 2004; Miller et al. 2011), and values range from 0 to 1, where a path 




goal (Batschelet 1981). The association between SI and length of spool, and SI and water was quantified using 
Spearman’s Rank-order Correlation. This test of association was used due to the non-conformance of the data to the 
assumptions of its parametric equivalent. 
Spooling data was log-transformed due to non-normality of its distribution. Linear mixed-effect models and 
ANOVA (Analysis of Variance) in R 3.5.1 (R Core Team 2018) was used to analyze data on the distribution of spools 
in Indonesia inside each plot where the rats were released; outside of the study plots; and those that ventured into the 
adjacent treatment or control plots. For group means with statistically significant difference, Tukey’s honestly 
significant difference (HSD) was used post hoc to confirm where the difference occurred between groups. This type 
of analysis could not be done for the Philippines because the setup of the experiment was such that the treatment and 
control fields were not adjacent to each other, unlike in Indonesia.  
Paired samples t-test was used to compare between captures of rodents, water levels, and damage levels from 
AWD and control fields in Indonesia given AWD fields were located adjacent to control fields. In the Philippines 
where AWD fields were separate from control fields, an independent samples t-test was used for each variable. A 
linear mixed model with maximum likelihood estimation was used to analyze the effect of AWD on damage levels. 
Repeated measures included in the model are season (year) and crop stage. Fixed effects entered in to the model and 




Mean water level measurements from the water tubes in 2016 show that those in the AWD fields (-8.16 cm 
±  0.64) was significantly lower (t130 = 2.553, p = 0.012) that those in the control fields (-5.76 cm ±  0.69). In 2016, 
damage was highest in the ripening stage for both the control and AWD fields. Mean damage was significantly higher 
(t11 = 3.299, p = 0.007) in the control fields (2.44 ± 6.19) than in the AWD fields (10.55 ± 3.0). In 2017, there was no 
difference in damage levels (t8 = 1.895, p = 0.095) between AWD fields (8.75 ± 2.9) and the control fields (9.03 ± 
3.01). Damage peaked during the flowering stage in both the control and AWD fields in 2017. The linear mixed model 
with maximum likelihood estimation showed significance with the main effect of water (F1, 20.13 = 5.068, p = 0.036) 
and interactions of crop stage by number of rats (F2, 24.36 = 3.328, p = 0.053), treatment by water (F1,20.12 = 5.119, p = 
0.035), and crop stage by treatment by number of rats, (F1,32.60 = 5.679, p = 0.023).  
In 2016, AWD fields had significantly higher number of rats captured (n = 50, 4.17 ± 0.920) compared to the control 
fields (n = 10, 0.83 ± 0.386) (t11 = -3.640, p = 0.004). There was no association between water level and number of 
rats (rs(24) = 0.147, p = 0.493). Mean litter size was 8.7 ± 1.64 in AWD fields and 9.14 ± 1.42 in control fields. In 
2017, water readings from the AWD tubes (-5.03 cm ± 0.79) were significantly lower (t157 = 3.607, p < 0.001) than 
those from the control fields (-1.09 cm ± 0.65).  AWD fields had similar numbers of rats captured (n = 24, 2.67 ± 1) 
as the control fields (n = 27, 3 ± 0.886), (t8 = 0.359, p = 0.729) (Fig. 5). The mean litter size for 2017 was 10.83 ± 






Fig. 5. Mean (±SE) number of rats trapped against the mean (±SE) water levels in AWD rice and conventionally 
irrigated rice (control) crops in Indonesia throughout the different growth stages of rice in (a) the 2016 cropping 
season and (b) the 2017 cropping season. Line graph represents mean water levels; bar graph represents mean 
number of rats.   
 
For rats released in the control fields (n = 20), the percentage of spools per crop stage that stayed within the 
control fields were as follows: Max tillering 62.7%; Booting 44.5%; Flowering 70%; and, Ripening 76% (Fig. 6a). 
Rats rarely ventured into the adjacent AWD plot (Max tillering 8.7%; Booting 0%; Flowering 2.6%; and, Ripening 
0.06%), but spent some time outside the study plot: Max tillering 28.6%; Booting 55%; Flowering 27.4%; and, 
Ripening 24%. Rats released in the AWD fields (n = 22) tended to stay within the field most of time (Max tillering 
72.9%; Booting 54%; Flowering 96%; and, Ripening 62.4%), and rarely ventured into the adjacent control plot (Max 
tillering 0.1%; Booting 0%; Flowering 1.4%; and, Ripening 0.5%) (Fig. 6). Rats also ventured outside of the study 
plots (Max tillering 26.9%; Booting 5%; Flowering 2.5%; and, Ripening 37%). Fig. 7 shows an example of spool 
trails by R. argentiventer in Indonesia.  
 
Fig. 6. Percentage of spool lengths of all rats in (a) the control and(b) the AWD plots in 2016 and 2017 throughout 
the different crop stages. IN is the percentage of the total length of spools which were scored within the respective 
plots where rats were caught; OUT is the percentage of the total length of spools that were scored outside of the 
study area. AWD is the percentage of the total length of control spools that were scored in the AWD plots, and 
CONTROL is the percentage of the total length of AWD spools that were scored in the control plots. 
 
 
Fig. 7. Spool trails of rats from Replicate 2 in 2017 in Indonesia. Different colors correspond to different individuals. The AWD 
field is bound by blue dotted line whilst the control field is bounded by white dotted line. 
 
There was a significant interaction between crop stage and track location (F6,58 = 0.16, p = 0.032) in the two-
way ANOVA ( 
Table 1). Tukey’s HSD post hoc test indicates that the comparisons between spools that went outside of the 
study area during flowering and booting (p < 0.05), and spools that went outside of the study area during flowering 
and ripening (p < 0.05) were significant. There was a strong, negative correlation between the Straightness Index and 
length of segment of a spool (rs(174) = -0.318, p = 0.000). Straightness Index had no correlation with water level 
(rs(174) = -0.024, p = 0.749). 
 
Table 1. ANOVA of the distribution of spools in Indonesia according to crop stage, track location (where the rats 





df Sum Sq Mean Sq F-ratio p 
Crop stage 3 15.98 1.36 1.25 0.2643 
Track location 2 16.53 21.11 0.33 0.1306 
Crop stage*Track location 6 59.03 1.51 0.16 0.0315 






Rodent damage was significantly higher (t28 = 2.478, p = 0.019) in 2016 (4.03 ± 1.65) than in 2017 (0.55 ± 
0.35). In 2016, the level of damage in the control plots (5.24 ± 2.91) was similar (t10 = -0.718, p = 0.489) to the AWD 
plots (2.82 ± 1.72). In 2017, the level of damage in the AWD fields (0.66 ± 0.59) was similar to the control field (0.45 
± 0.39) (t16 = 0.299, p = 0.769). In 2016, for both the control and AWD fields, the mean damage peaked at the booting 
stage. In 2017, mean damage levels peaked during the flowering stage for the AWD plots, whilst it peaked during the 
ripening stage for the control plots. Mean damage was similar (t16 = 0.299, p = 0.769) between AWD (0.66 ± 0.59) 
and the control plots (0.44 ± 0.39). The linear mixed model with maximum likelihood estimation with repeated 
measures for data from 2016 and 2017 showed that only crop stage (F2,41.59 = 41.599, p = 0.000) and the interaction 
between crop stage by year were significant (F1,7 = 6.753, p = 0.035).  
In 2016, control fields had similar mean number of rats caught (n = 92, 13.83 ± 3.64) to the AWD fields (n 
= 86, 14.83 ± 2.55) (t10 = 0.225, p = 0.826). Water had no relationship with rodent numbers (rs(12) = 0.309, p = 0.328) 
(Figure 5a). There was no difference between the proportion of breeding females in the AWD and control fields (t4 = 
-1.069, p = 0.36). In 2017, there was no difference in the mean number of rats caught from the AWD fields (n = 112, 
13.89 ± 2.34) and the control fields (n = 50, 9.22 ± 1.91) (t16 = 1.543, p = 0.142) (Figure 5b). There was a strong, 
negative correlation between the Straightness Index and length of segment of a spool (rs(134) = -0.526, p = 0.000). 
The Straightness Index has no correlation with water (rs(134) = 0.083, p = 0.340). For both 2016 and 2017, only 14% 
(n = 48) of R. tanezumi were recaptured, 90% of which were by multiple-capture traps. 
 
Fig. 8. Mean (±SE) number of rats caught against the mean (±SE) water levels in AWD rice and conventionally 
irrigated rice (control) crops in the Philippines throughout the different growth stages of rice in (a) the 2016 
cropping season and (b) the 2017 cropping season. Line graph represents mean water levels; bar graph represents 








Our results indicate that AWD does not influence how much rodent damage is caused by R. tanezumi in the 
Philippines given similar damage levels in the control and AWD fields. Mean rodent damage to rice was influenced 
by neither water nor number of rats captured for both years of data gathering. Crop stage was an important factor 
influencing damage levels. In 2016, the highest damage was recorded during booting for both the control and the 
AWD fields. Similar findings was observed by Miller et al. (2008) for R. tanezumi in the rice terraces of Banaue, in 
northern Luzon, Philippines, and by Jones et al. (2017) for R. tanezumi in Laguna, Philippines. The interaction between 
crop stage and year reflects the significant difference between damage levels between crop stages in 2016 and 2017. 
Results of the linear mixed effect model for R. argentiventer show that the main effect of water, and its 
interaction with treatment were significant perhaps because it affects the two types of water management quite 
differently in 2016 and 2017. Mean damage was significantly higher in the control fields although mean number of 
rats was significantly higher in AWD fields in 2016. In 2017, there was no difference in mean number of rats and 
damage between treatment and control.  However, the interaction of crop stage, treatment and number of rats was also 
significant. Given that control fields have higher levels of damage than AWD fields, even if AWD fields had more 
rats in total, then it is also not intermittent irrigation that affects how much rats damage the fields in Indonesia. 
AWD does not affect the timing of R. argentiventer and R. tanezumi damage in rice.  Both AWD and control 
fields had the highest damage levels during the ripening stage in 2016 in Indonesia, and in 2017, damage peaked 
during flowering for both water management schemes. In the Philippines, damage was highest during booting stage 
for both control and AWD fields. This follows the pattern seen for the same species in the Philippines (Miller et al. 
2008; Stuart et al. 2007). However, in 2017, damage was highest during flowering in the AWD fields and ripening in 
the control fields. 
AWD does not have an effect on the number of captures of R. tanezumi in the Philippines because there was 
no difference between the mean number of captures from the AWD and control fields. A conclusion cannot be drawn 
from the mean number of captures of R. argentiventer in Indonesia since the setup of the fields is such that AWD and 
control plots in a replicate may share the same population.  Trap catch of rats may have been influenced by trappability, 
prevailing environmental conditions, and human activities in the area, or a combination of these factors (Brown et al. 
2005), rather than intermittent irrigation.  
AWD had no effect on the breeding ecology of R. tanezumi as there was no significant difference between 
the proportion of breeding females caught between AWD and control plots. The proportion of breeding females of R. 
tanezumi in Bicol, Philippines peaked during maximum tillering and ripening stages for 2016 and 2017, concurring 
with the findings of Marges (1972). In north eastern Luzon, mean litter size is 4.2  (Stuart et al. 2012), which was 
similar with our findings for 2016. In Indonesia, there were not enough breeding R. argentiventer females caught to 
quantify the effect of AWD on the species’ reproductive activity. Previous studies on the breeding ecology of R. 
argentiventer indicated that breeding was largely influenced by the growth stage of rice—from maximum tillering 
through to harvest (Brown et al. 1999; Jacob et al. 2003b; Leung et al. 1999; Tristiani et al. 1998). In Malaysia, 





There was no association between the mean number of R. tanezumi and R. argentiventer caught with mean 
water levels, indicating no preference or avoidance of dry fields. There was also no association between the 
Straightness Index (SI) for this species and water levels, which means the animals will use a rice field regardless of 
water level. Previous studies  show that rats thrive in both dry and wet conditions. In areas with prolonged flood, Fall 
(1977) observed rats were  breeding in nests built in floating vegetation. The R. tanezumi in Miller (2007) was seen 
swimming in an open paddy with newly-transplanted rice in broad daylight. Stuart et al. (2012) found that in mixed 
rice-coconut areas, R. tanezumi preferred to nest above-ground to protect them from flooding and human activity. 
Previous studies, whilst not directly investigating the effect of water on R. argentiventer behavior,  demonstrate that 
the species also do not prefer dry over wet environments, or vice-versa. Brown et al. (2001) and Brown et al. (2005) 
radio telemetry studies could not acquire more accurate fixes because R. argentiventer were detected swimming in the 
paddies. On the other hand, My Phung et al. (2012) found that spooled R. argentiventer tended to stay in the fields 
more during ripening and harvest, when the fields are dry. Rattus argentiventer created burrows in drained rice fields 
after harvest in Indonesia (Leung et al. 1999). In Tra Vinh, in the Mekong Delta, flooding caused rat population 
abundance to decline  (Brown et al. 1999). Boonsong et al. (1999) and Pujiastuti et al. (2018) caught the most R. 
argentiventer in Thailand and Indonesia, respectively, during ripening when the fields were dry. The significance 
behind the difference in the amount of spool that left the study area in the post hoc comparison of SI between crop 
stages in Indonesia is unclear, and may reflect more of where the rats were released rather than any biological 
significance. The strong negative correlation between Straightness Index and length of segment of a spool indicates 
that the longer the path, the more likely it is to be convoluted (i.e. SI approaches zero). Animal movement towards a 
destination tends to be straighter than foraging behavior (Miller et al. 2011).  
Spooled rats in this study also used the paddy more than the bunds, regardless of water level. Perhaps this is 
associated with how the rodents perceive the safety of their landscape (Krijger et al. 2017); the likelihood of predators 
chancing upon a moving animal is likely to be higher on the bunds than in the field. Bush rats in Victoria, Australia 
used microhabitat features such as logs and ground cover to move safely within the habitat, but will use them more in 
areas where predators have been removed (Strauss et al. 2008). Rattus lutreolus also preferred dense vegetation as 
protection from predators when foraging (Kearney et al. 2007). There was no food taken from giving up density 
(GUD) trays placed on bunds whilst trays in the middle of the field consistently had food taken by on R. tanezumi in 
lowland rice fields in the Philippines (Jones et al. 2017). Giving up density (GUD) is the density of resources remaining 
in a patch when an individual cease foraging (Brown 1988), which provides unbiased and controlled measure of the 
foraging cost of predation (Abu Baker and Brown 2010). 
Water may not be the factor influencing the habitat use of both species of rats, given clear preference of both 
R. argentiventer and R. tanezumi to the paddy prior to harvest and the non-association of Straightness Index with 
water. How animals perceive risk of predation in different habitats, referred to as the landscape of fear (LOF) (Laundré 
et al. 2001), may have an influence on habitat use, not water.  An animal may shift to areas with denser cover if a 
higher risk of predation is perceived (Brown 1988). Jones et al. (2017) reported that rats perceive the center of the rice 
field to have the lowest risk of predation due to cover. Common voles (Microtus arvalis  Pallas, 1778) perceived 




Brown 2000). Similarly, the multimammate rat (Mastomys natalensis Smith 1834) in maize fields in Tanzania 
preferred giving up density (GUD) boxes with cover than those without cover in fields where birds of prey are allowed 
as opposed to areas with netting (Mohr et al. 2003). The spatial use in the current study based on the spool trails reflect 
the key findings of these previous studies on rodents in agricultural landscapes. 
The significant interaction term in the two-way ANOVA performed on the mixed effects model on the 
distribution of spools of R. argentiventer in Indonesia means the segment lengths were different at different crop 
stages. Tukey’s HSD post hoc test indicated further that it was the comparisons between Flowering.Out-Booting.Out, 
and Ripening.Out-Flowering.Out that were significant. This means that the segment of spools that went outside of the 
study plot was significantly higher between ripening and flowering than between flowering and booting.  
The present study provides the first insight into the influence of the water-saving technology AWD to the 
habitat use of the pests R. argentiventer and R. tanezumi. The landscape of fear, not water, may be what drives the 
way these two species use their habitat prior to harvest of rice. Given that the landscape of fear seems to be what 
influences habitat use whilst rice is in its growing stages (Jones et al. 2017), refuge habitats for rats such as dense 
vegetation near rice fields should be cleared and sanitation around the rice field maintained regularly to minimize 
rodent activity in the rice field. Regular weeding of fields reduces cover and alternate food source for rodents (Drost 
and Moody 1982; Htwe et al. 2019; Puan et al. 2011). The timing of control, i.e. prior to the onset of breeding, is also 
critical (Brown et al. 2011; Htwe et al. 2019; Stuart et al. 2015). 
Alternate Wetting and Drying (AWD) is classified as a water-smart, weather-smart and carbon-smart 
technology in rice production (Wassmann et al. 2019). AWD is also currently the only practice that has a “proven 
track record” in mitigating greenhouse gas emissions (Sander et al. 2015). We strongly support the adoption of AWD 
in lowland irrigated rice fields. The apprehension of farmers from Southeast Asia that to adopt intermittent drying of 
the rice fields will lead to higher rodent pest activity is not supported by our findings. 
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